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Abstract. In a residual Z2×Z2 symmetry approach, we investigate min-
imally perturbed Majorana neutrino mass matrices. Constraint relations
among the low energy neutrino parameters are obtained. Baryogenesis is
realized through flavored leptogenesis mechanism with quasi-degenerate
right handed (RH) heavy neutrinos.
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1 Introduction
In the minimally extended Standard Model (SM) with singlet RH neutrino fields
NRi, O(eV) neutrino masses are generated through Type-I seesaw mechanism.
Relevant Lagrangian for the latter can be written as
−Lν,Nmass = ν¯Lα(mD)αiNRi +
1
2
N¯CiR(MR)iδijNjR + h.c. (1)
with NCi = CN¯
T
i . The effective light neutrino Majorana mass matrix Mν which
is then obtained by the standard seesaw formula Mν = −mDM−1R mTD, can be put
into a diagonal form as UTMνU = M
d
ν ≡ diag (m1,m2,m3) with mi assumed
to be real. The effective low energy neutrino Majorana mass term that contains
this Mν comes out as
−Lνmass =
1
2
¯νCLα(Mν)αβνLβ + h.c.. (2)
Now in the basis where the charged lepton mass matrix M` is diagonal, U follows
the standard parametrization[1]. Let us now have look at the latest 3σ ranges
[2] for the relevant neutrino parameters obtained from oscillation data. solar:
∆m221 ≡ m22 −m21: (7.02–8.09) × 10−5 eV2, atmospheric: |∆m231| ≡ |m23 −m21|:
(2.32–2.59) × 10−3 eV2, θ12: 31.29o–35.91o, θ23: 38.3o–53.3o, θ13: 7.87o–9.11o.
Finally, thanks to the Planck for the observed upper bound on the sum of the
light neutrino masses; Σimi < 0.23 eV.
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In Ref.[3] it is argued that any horizontal symmetry of neutrino Majorana
mass matrix Mν is a residual Z2 × Z2 flavour symmetry. The symmetry gen-
erators Gi obey the relation U
†GiU = di with i=2, 3, i.e. there are two inde-
pendent Gi and hence di. We can choose these two independent d matrices as
d2 = diag (−1, 1,−1) and d3 = diag (−1,−1, 1). Thus for a given U , one can cal-
culate G2 and G3 corresponding to d2 and d3 respectively. In this work we focus
particularly on the TBM mixing and calculate the corresponding Gi matrices;
GTBM1,2 and G
µτ
3 . It can be justified theoretically as well as phenomenologically
that GTBM1 is the only symmetry which is viable one to exist as the unbroken Z2
generator in the Lagrangian. In the next section, we present an ephemeral discus-
sion regarding the implementation of GTBM1 and G
µτ
3 on the neutrino fields. For
further insights related to the application of residual symmetry in the neutrino
sector, the readers could have a quick look at Ref.[7].
2 Breaking of Zµτ2 : perturbation to the TBM mass
matrices
Depending upon the residual symmetries on the neutrino fields and the phe-
nomenological viability of the textures of the mass matrices, we discuss two
cases.
Case 1. At the leading order GTBM1 and G
µτ
3 transform both the neutrino fields
νL and NR as νL → GiνL and NR → GiNR. Now we choose a perturbation ma-
trix MG1R which violates µτ interchange in MR but respect G
TBM
1 . The leading
order mass matrices and the perturbation matrix are of forms
m0D =
b− c− a a −aa b c
−a c b
 , M0R =
y 0 00 y 0
0 0 y
 , MG1R =
0  ′ 4 0
′ 0 6
 (3)
where  = 14 (34 + 6) and 
′ = − 14 (36 + 4). Now the effective Mν which is
invariant under GTBM1 is written as M
GTBM1
ν1 = −m0DM−1R (m0D)T with MR =
M0R + M
G1
R . Since G
TBM
1 invariance of the effective Mν always fixes the first
column of the mixing matrix to (
√
2
3 ,−
√
1
6 ,
√
1
6 )
T up to some phases, a direct
comparison of the latter with the UPMNS matrix leads to a constraint relation
between θ12 and θ13 as
sin2 θ12 =
1
3
(1− 2 tan2 θ13). (4)
Case 2. In this case, at the leading order, all the neutrino fields obey Gµτ3 .
However GTBM1 of the over all Mν is ensured only by the transformation νL →
GTBM1 νL. Since the RH singlets are free from G
TBM
1 , the perturbation matrix
which is added with MR is now arbitrary. Now the most general Dirac mass
matrix m0D, the Majorana mass matrix M
0
R and the perturbation matrix are of
TBM mixing and Z2 symmetry 3
the forms
m0D =
 a 12 (b− c) 12 (c− b)a b c
−a c b
 , M0R =
x 0 00 y 0
0 0 y
 , M R =
0 0 00 4 0
0 0 6
 . (5)
Again the effective Mν is calculated as M
GTBM1
ν2 = −m0DM−1R (m0D)T with MR =
M0R +M

R. Besides reproducing the same relation as obtained in Eq. 4, another
interesting point is realized that m0D of (5) is of determinant zero due to the
residual GTBM1 symmetry; thus the M
GTBM1
ν2 matrix has one zero eigenvalue. For
the remnant GTBM1 symmetry, m1 is of vanishing value.
Fig. 1. Plot in the left side: Variation of δ with θ23 for different values of θ13. Plot in
the right side: Variation of δ with θ13 for different values of θ23 where the green band
represents the latest 3σ range for θ13.
One can also obtain correlation of δ with the mixing angles[8].
3 Flavored leptogenesis with quasi degenerate RH
neutrinos
Lepton number, CP violating and out of equilibrium decays of RH neutrinos
create a lepton asymmetry[4]. A general expression for the CP asymmetry pa-
rameter αi for any RH mass spectrum is given by[5]
1
4piv2Hii
[∑
j 6=i
g(xij) Im Hij(mD)†iα(mD)αj +
∑
j 6=i
rIm Hji(mD)†iα(mD)αj
r2 +
Hjj
16pi2v4
]
. (6)
In (6), r = (1− xij), H ≡ mD†mD, xij = Mj/Mi and g(xij) is given by
g(xij) =
√
xij(1− xij)
(1− xij)2 + Hjj16pi2v4
+ f(xij). (7)
The term proportional to f(xij) comes from the one loop vertex contribution
while the remaining are from self energy diagram. Note that in the limit where
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the RH neutrinos are exactly degenerate, i.e., xij = 1, the self energy contri-
bution vanishes and thus a nonzero value of CP asymmetry parameter εαi is
produced only through the vertex contribution. In our model RH neutrinos are
quasi degenerate and thereby enhances the CP asymmetry parameter signifi-
cantly through self energy contributions.
Fig. 2. Variation of YB with z in the τ -flavored mass regime (left). Upper and lower
bounds on M1 for the minimal values of the breaking parameters (right). A normal
mass ordering for the light neutrinos has been assumed.
Another important issue is that the flavor effect[6] to the produced lepton
asymmetry. In [8] we address this issue in detail, theoretically as well as numer-
ically. See Fig.2 for a typical variation of YB with z = M1/T .
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